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LETTERS TO THE EDITORResponse to Day et al.To the Editor: Day et al. present a striking example of
how adjusting for heritable covariates correlated with
the outcome in a genetic association study can bias
genetic effect estimates—possibly creating a strong
association where genotype has no causal effect on
outcome. This bias was the focus of our recent report.1
As Day et al. point out, this phenomenon is a special
case of the broader concept of collider-stratification
bias2,3. By choosing an outcome that is not associated
with autosomal variation (gender), but strongly associ-
ated with the covariate (height), Day et al. demonstrate
that collider-stratification bias can lead to many very
strong false-positive signals. Their results also nicely
confirm the direct relationship between gene-covariate
effect estimates and gene-outcome effect estimates
after adjustment for the covariate. The most signifi-
cant p value for rs724016 after adjustment (Padj ¼
7 3 1090) is impressive but actually expected—
even without running the analysis. The most recent
meta-analysis genome-wide association study (GWAS)
of height reported a Z score of 26.9 (p ¼ 3.2 3
10158) for association between rs724016 and height
for a sample size of 252,972.4 Assuming that the effect
of the SNP on height is similar across the UK Biobank
and GIANT (genetic investigation of anthropometric
traits) consortium participants, and assuming a correla-
tion between height and gender of 0.71, as derived
from the 2013–2014 NHANES (National Health and
Nutrition Examination Survey) survey for non-Hispanic
white individuals over 20 years old,5 the expected chi-
square in a height-adjusted analysis under the null
hypothesis is c2  ð26:930:71Þ23 ð142;630=252;972Þ=
ð1 0:712Þ ¼ 414:6. Similarly to the Day et al. experi-
ment, this corresponds to a highly significant p value
of 3 3 1092. Interestingly, the height-sex correlation is
almost equal to the value where the significance of the
observed signal in the adjusted analysis matches the sig-
nificance of the SNP-covariate association test, assuming
the same sample size in both analyses. For a stronger
correlation, the adjusted analysis would result in a
more significant association on average. Then, looking
at the SNP-covariate association p value would no longer
be a good indicator of potential bias, presenting a worri-
some situation.
Although the example of Day et al. confirms the poten-
tial for collider bias, their example assumes that the
underlying causal model is understood so that the genetic
effect of the variants can be safely interpreted. How-
ever, in practice, the underlying mechanism is generally
unknown, or at least subject to debate, and for some
investigators the question of whether to adjust for a394 The American Journal of Human Genetics 98, 394–395, Februarycovariate remains. Taking height as an example, it is
intuitive to adjust for height when considering pheno-
types such as pulmonary function, bone mineral density,
intracranial volume, and body measurements in general,
given that they are proportional to height. The common
argument for the adjustment has been about focusing
on factors associated with the outcome independently
of height—in other words, factors altering this propor-
tionality. The adjustment will partly fulfill this goal by
(1) reducing the signal at SNPs harboring positive pleiot-
ropy (i.e., SNPs positively associated with both height
and the outcome) and (2) enhancing the signal for vari-
ants associated with the primary outcome only and those
with negative pleiotropic effects. However, because of
height polygenicity, it will also (3) induce a false signal
at all genetic variants associated with height only
(as observed in the experiment by Day et al.). Estimation
of the shared genetic correlation between the outcome
and the covariate, e.g., as done by Bulik-Sullivan et al.,6
can provide a first approximation of the proportion of
SNPs falling into scenarios one, two, and three described
above, and thus can help with the decision of whether
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